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a b s t r a c t

This study was designed to evaluate the applicability of a new liquefied gas, HFO-1234ze, as a safe
alternative for the substitution of usual solvents such as n-hexane, acetone or ethanol, for the extraction
of natural products. The performance of this new solvent was assessed using several plant materials:
rapeseeds, carrots, olive leaves and rosemary leaves. An in-silico evaluation of the relative performance of
each solvent was performed using Hansen solubility parameters and COSMO-RS model. Extraction ex-
periments were also performed at laboratory scale on several plant materials, in order to determine
qualitative and quantitative characteristics of the extracts. Finally, safety considerations, as well as en-
ergetic and environmental impacts using this new liquefied gas solvent were evaluated in a scale-up
perspective.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

A solvent can be defined as “a liquid that has the property to
dissolve, dilute or extract other materials without causing chemical
modification of these substances or itself. The solvents are able to
implement, apply, clean or separate products”. Conventional
organic solvents such as n-hexane, methanol, acetone or
dichloromethane are usually used in solid-liquid extractions. As an
example, the global market size, for n-hexane as solvent, was
estimated at 1.75 billion dollars in 2015, and extraction consumes
about 35% of the global volume (Grand View Research, 2016). Pe-
troleum solvents are very efficient to dissolve a wide range of
natural ingredients and are easily eliminated by evaporation at the
end of the process. Unfortunatelymost of these organic solvents are
known to be highly flammable and also toxic for human and
es Pays de Vaucluse, INRA,
ance.
hemat).
environment (Henderson et al., 2011). Faced to the tightening of
legislation, industrials are forced to find efficient, safer and greener
solvents.

Solvent substitution process is a complex approach, which must
consider various aspects. Ideally the “perfect” alternative solvent
must have several advantages: no toxicity for human and envi-
ronment, non-flammable, no emission of volatile organic com-
pounds, low cost, bio-sourced even completely or partially, high
solvation power, low viscosity, and easy to evaporate (Sicaire,
2016). However, replacing hazardous solvents by available green
solvents does not always mean eliminating all the hazards and is-
sues. In fact, in most of case the modification of a process is asso-
ciated with new risks and hazards.

This search for alternative solvents has revived the interest for
liquefied gases, i.e. gases used in liquid state, as extraction solvents
(Liquefied Gas Extraction e LGE). Recently, many studies showed
that several liquefied gases, such as n-butane (Capeletto et al., 2016;
Liu, Wang, Li, Wang, & Qin, 2015; Novello et al., 2015; Rapinel et al.,
2016), n-propane (Ahangari & Sargolzaei, 2012; Castaneda-Acosta,
Cain, Fischer, & Knopf, 1995; Corso et al., 2010), dimethyl ether
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(Kanda, Kamo, Machmudah, Wahyudiono, & Goto, 2014; Hideki;
Kanda, Li, Ikehara, & Yasumoto-Hirose, 2015; Sakuragi, Li, Aoki,
Otaka, & Makino, 2016), 1,1,1,2-tetrafluoroethane (Cerny, 2000;
Han, Ma, Wang, & Xue, 2012; Lapkin, Plucinski, & Cutler, 2006),
could be used as new alternative solvents for the extraction of
natural products. For now, their use is still limited by their flam-
mability (alkanes, ethers …). Only 1,1,1,2-tetrafluoroethane is non-
flammable but its use will be progressively phased out due to its
impact on the greenhouse effect (Suberu, Yamin, Cornell, Sam, &
Lapkin, 2016).

As 1,1,1,2-tetrafluoroethane - also known as R134a - is widely
used as refrigerant gas, refrigeration industrial intensively searched
for a greener alternative. Their research resulted in two new fluo-
rinated gases, named 2,3,3,3-tetrafluoropropene (HFO-1234yf) and
1,3,3,3-tetrafluoropropene (HFO-1234ze). HFOs (HydroFluoro-Ole-
fins) are 4th generation refrigerants, non-toxic and non-flammable,
without impact on the ozone layer (Ozone depletion potential ¼ 0)
and only little greenhouse effect (Global warming potential¼ 4 and
6 respectively) due to a short atmospheric lifetime (Achaichai,
2010). Eventually, studies on the degradation of HFOs (Luecken
et al., 2010; Wallington, Sulbaek Andersen, & Nielsen, 2010)
showed that tetrafluoropropenes are likely to be degraded into HF
and CF3COOH. Fortunately, based on the current hydro-
fluorocarbons emissions, the authors calculated that the amounts
of degradation products will not be sufficient to generate any
environmental impacts, even for the most sensitive aquatic
organisms.

HFOs were initially developed for refrigerant purpose, but their
interesting properties make them suitable for LGE. In 2016, a
promising research has been achieved by Suberu et al. (2016) on the
extraction of artemisinin, an antimalarial substance, using HFO-
1234yf as alternative to R134a.

Based on their similar chemical structure, only few differences
of solvation properties are expected between both HFOs. Moreover,
HFO-1234ze currently costs around 15V/kg (price for 1 ton in 2016,
Inventec Performance Chemicals, St Priest, France), i.e. five times
cheaper than HFO-1234yf. For these reasons, we decided to choose
HFO-1234ze as liquefied gas instead of HFO-1234yf.

In this paper, the feasibility of using liquefied HFO-1234ze as
solvent for extracting compounds of different polarities will be
Fig. 1. Theoretical and exp
compared to conventional solvents through two approaches: a
theoretical approach with predictive computational tools, HSP
(Hansen Solubility Parameters) and COSMO-RS (COnductor like
Screening MOdel for Real Solvents), coupled with lab-scale exper-
imentations. Four plant materials were chosen for the comparative
study: rapeseeds (Brassica napus L.) for the extraction of fats and
oils, carrots (Daucus carota L.) for the extraction of high-value
products i.e. a and b-carotene, olive leaves (Olea europaea) for the
extraction of polyphenols i.e. oleuropein and tyrosol, rosemary
leaves (Rosmarinus officinalis L.) for the extraction of polyphenols
and terpenes with antioxidant activity, such as rosmarinic acid and
carnosic acid. The extracts have been analyzed quantitatively
(extraction yield) and qualitatively (GC, HPLC and HPTLC) in order
to compare the efficiency of HFO-1234ze regarding conventional
solvents (hexane, ethanol, acetone) for the extraction of natural
products (Fig. 1). Finally, the industrial application of this new liq-
uefied gas solvent was evaluated in terms of safety, regulation and
environmental impacts.

2. Materials and methods

2.1. Chemicals

For laboratory-scale extractions, n-hexane analytical grade,
ethanol 95% purity and acetone technical grade were purchased
from VWR International (Radnor, USA). Trans-1,3,3,3-
Tetrafluoroprop-1-ene (HFO-1234ze) 99.5% purity was purchased
from Inventec Performance Chemical (St Priest, France).

For analytical procedures, all reagents were HPLC grades.
Acetonitrile, ammonium acetate, dichloromethane, primuline and
potassium chloride were purchased from Sigma-Aldrich (St. Louis,
USA). b-carotene (>98% UV purity) was purchased from Extra-
synth�ese (Genay, France). Oleuropein (HPLC grade,� 98%), carnosic
acid (HPLC grade,� 97%), Fatty Acids Methyl Esters mix (Supelco 37
FAME mix), triheptadecanoin (C17:0 TAG, 99% purity), pentadeca-
noic acid (C15:0, 99% purity), 1-glyceryl palmitate (MAG), 1,3-
glyceryl palmitate (DAG), glyceryl tripalmitate (TAG), palmitic
acid (FFA), ergosterol, phosphatidylcholine, phosphatidic acid,
phosphatidylethanolamine and lysophosphatidylcholine were
purchased from Sigma-Aldrich (St. Louis, USA). Chloroform, n-
erimental procedures.
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hexane, acetone, diethyl ether, acetic acid, methyl acetate, iso-
propanol and methanol were sourced from VWR International
(Darmstadt, Germany).

2.2. Plant materials

Dried carrots, rapeseeds, olive leaves and rosemary leaves were
purchased from Herbier du Diois (Chatillon-en-Diois, France).

2.3. Liquefied gases apparatus and extraction procedure

Extractions were performed on a 1-liter pilot plant presented in
Fig. 2 (NECTACEL®, Celsius sarl, Villette de Vienne, France). The
results of a previous work showed that extractions performed with
NECTACEL® unit were limited by a slow mass transfer due to a lack
of stirring (Rapinel et al., 2016). Hence a magnetic-drive stirrer was
recently added in the extractor in order to ensure a proper solvent
stirring (see Fig. 3).

2.4. Reference extractions

Reflux extraction in n-hexane, using 10 g of raw material and
100 mL of n-hexane, was used as reference procedure for rapeseed
and carrots extraction (Sicaire, Vian, Fine, Joffre, et al., 2015; Yara-
Varon et al., 2016).

Maceration using a mixture ethanol/water was used as refer-
ence procedure for the extraction of olive leaves (Yateem, Afaneh,&
Al-Rimawi, 2014). 10 g of rawmaterial are extracted with 100 mL of
ethanol/water (80:20, mass ratio). The mixture was heated at 60 �C
for 1 h.

Maceration under reflux using acetone was used as reference
procedure for the extraction of rosemary leaves (European Food
Safety Authority, 2008) for rosemary leaves, at boiling point tem-
perature (56 �C) for 1 h. Then 83.5 g of raw material were placed in
a flask containing 500 mL of acetone.
Fig. 2. (A) NECTACEL® 1 - Tailor-made extraction-unit for extractions using HFO-1234ze as s
tank; 5, double jacketed stainless steel extractor; 6, pneumatic stirrer; 7, thermometer; 8, d
circulator; 11, Cooling bath circulator e (B) 1-liter extraction unit manufactured by Celsius
2.5. Extract analysis

Identification of carotenoids in carrot oleoresin was performed
by high performance liquid chromatography (Agilent 1100)
equipped with a UV-Vis detector using a protocol described in a
previous publication (Yara-Varon et al., 2016). The carotenoid
content in the extracts was measured using UV/Vis Spectropho-
tometer (Biochrom Libra S22, Cambridge, England) according to the
protocol explained by Yara-Varon et al. (2016).

The lipid classes of rapeseed oils were determined by HP-TLC
using the protocol described by Breil, Meullemiestre, Vian, and
Chemat (2016). The fatty acid composition of the rapeseed oils
was determined using gas chromatography. As described by Sicaire,
Vian, Fine, Carre, et al. (2015).

Polyphenols content in the extracts was measured spectro-
photometrically (Biochrom Libra S22 UV/Vis Spectrophotometer,
Cambridge, England) in a 1 cm optical path-length quartz cell at
760 nm for oleuropein. A calibration curve of oleuropein in ethanol
was performed in concentration range 0.25e1.0 mg/mL.

Determination of carnosic acid content in rosemary leaves ex-
tracts was done by HPLC (Agilent 1100, France) using the protocol
described by Jacotet-Navarro et al. (2015).
2.6. Computational method: Hansen solubility parameters and
COSMO-RS calculations

For Hansen Solubility Parameters (HSP) solvent optimization,
the relative energy differences (REDs) of each couple solute/solvent
were calculated using the software HSPiP Version 5.0.03 (Hansen-
Solubility, Hørsholm, Denmark) using the method previously
described by Yara-Varon et al. (2016).

The principle of COSMO-RS modeling of solvent-solute in-
teractions has been explained in previous publications (Sicaire,
Vian, Fine, Carre, et al., 2015; Yara-Varon et al., 2016).
olvent: 0, HFO-1234ze bottle; 1, valve; 2, manometer; 3, safety valve; 4, solvent storage
ouble jacketed stainless steel evaporator; 9, stainless steel condenser; 10, Heated bath
Sarl (Villette de Vienne, France).



Fig. 3. - s-potentials and s-surfaces of solutes and solvents calculated using COSMO-RS model.
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2.7. Physicochemical properties comparison

In order to determine if HFO-1234ze can be an alternative to
conventional solvent, technical properties of each solvent were
compared.

Table 1 reports physicochemical properties of liquefied HFO-
1234ze, n-hexane, ethanol, acetone and water. Technical data was
obtained from ACD-labs and from suppliers (Sigma-Aldrich,
Inventec Performance Chemicals). The global energy of evaporation
for 1 kg of liquid solvent was calculated using the equation (Eq. (1)),
considering the following initial state: pure incompressible liquid
at 25 �C and 101 kPa for usual solvents, 570 kPa for HFO-1234ze.



Table 1
Comparison of technical properties of extraction solvents.

Properties Unit HFO-1234ze n-hexane Ethanol Acetone Water

Chemical structure

Molecular formula C3H2F4 C6H14 C2H6O C3H6O H2O
Molecular weight [g/mol] 114.04 86.18 46.07 58.08 18.02
Density (25 �C) [kg/m3] 1163 650 789 785 998
Viscosity (25 �C) [mPa.s] 0.20 0.32 1.2 0.32 1.0
Boiling point (101.3 kPa) [�C] �18.9 68.5 78.3 56.2 100
Specific heat(25 �C) [kJ/kg.�C] 1.386 2.23 2.43 2.18 4.18
Latent heat of vaporization [kJ/kg] 162.9 a 334 843 500 2260
Energy to evaporate 1 kg from 25 �C [kW.h] 0.05 a 0.12 0.27 0.16 0.71
Log10 P 1.26 3.9 �0.16 �0.19 n.a.
Solubility in water (25 �C) [kg/m3] 0.37 0.01 miscible miscible n.a.
Flash point [�C] n.a. �23 13 �18 n.a.
ODP b eq. CFC-11 0 n.a. n.a. n.a. n.a.
GWP100

c eq. CO2 6 n.a. n.a. n.a. n.a.
Hansen Solubility Parameters
dd [MPa½] 13.9 14.9 15.8 15.4 15.5
dp 3.3 0 8.8 10.4 16.0
dh 2.8 0 19.4 7.0 42.3

a Value at 30 �C and 570 kPa.
b Ozone Depletion Potential.
c Global Warming Potential (100 years); n.a. ¼ not applicable.
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Etot ¼ EheatðT0/TbÞ þ Evap ¼
ZTb

T0

Cpm:dT þ DHvapðTbÞ (1)

Where Etot (kJ/kg) is the energy required to evaporate 1 kg of sol-
vent starting from T0 ¼ 25 �C, Eheat (kJ/kg) is the energy required to
heat up the solvent of 1 �C, Evap (kJ/kg) is the energy required to
vaporize 1 kg of liquid, Cpm (kJ/kg.K) is the specific heat, Tb (�C) is
the boiling point of the solvent in the process conditions of pressure
and DHvap (kJ/kg) is the vaporization enthalpy at the boiling point.
3. Results and discussion

3.1. HFO-1234ze as alternative solvent to usual solvents: properties
comparison

As shown in Table 1, liquefied HFO-1234ze has very particular
properties compared to usual organics solvents such as n-hexane,
ethanol and acetone. As most halogenated solvents, HFO-1234ze
has a higher density (1163 kg/m3) compared to n-hexane or
acetone (650 and 785 kg/m3 respectively). As most liquefied gases,
HFO-1234ze also has a very low viscosity (0.20 mPa s), lower than
acetone and n-hexane (0.32 mPa s) and even six times lower than
ethanol (1.2 mPa s). Its low viscosity facilitates the flow of solvent
inside particles of plant material and thus enhances the internal
mass transfer (Hasan & Farouk, 2013). Hansen solubility parame-
ters and log10 P values show that HFO-1234ze can be defined as
slightly apolar (log10 P ¼ 1.26), compared with lipophilic solvents
such as n-hexane (log10 P ¼ 3.9) or with more hydrophilic solvents
such as acetone (log10 P ¼�0.19) or ethanol (log10 P ¼ �0.16). HFO-
1234ze is not fully miscible with water but its partial solubility is
higher than n-hexane with 0.37 and 0.01 kg/m3 respectively, at
25 �C. Themost significant difference between HFO-1234ze and the
other solvents is the amount of energy required to evaporate 1 kg of
solvent from 25 �C: 0.05 kW h for HFO-1234ze, 0.12 for n-hexane,
0.27 for ethanol, 0.16 for acetone and 0.71 for water. This lower
energy consumption is a consequence of a low specific heat (0.2 kJ/
kg.K at 25 �C) and latent heat of vaporization (162.9 kJ/kg at 30 �C
and 570 kPa), due to lower Van DerWalls interactions. The choice of
the evaporation process also has an impact on the energy con-
sumption: when HFO-1234ze is evaporated under pressure, the
solvent is closer to its critical point and the value of DHvap is lower
than at atmospheric pressure (195 kJ/kg at 101 kPa). In the end the
energy saving with HFO-1234ze using an isobaric process is about
60% compared to n-hexane, 80% compared to ethanol and 95%
compared to water.
3.2. Evaluation of target compounds solubility in HFO-1234ze vs.
usual solvents using Hansen Solubility Parameters and COSMO-RS

Hansen solubility parameters (HSP) and COSMO-RS model were
used as prediction tools for the evaluation of the ability of solvents
to dissolve major components of several plant materials. In this
paper, 4 representative triacylglycerols (TAG1 [R1: C18:3n-3, R2:
C18:2n-6, R3: C18:2n-6]; TAG2 [R1: C18:1n-9, R2: C18:1n-9, R3:
C18:2n-6]; TAG3 [R1: C18:1n-9, R2: C18:1n-9, R3: C18:1n-9]; TAG4
[R1: C18:1n-9, R2: C18:2n-6, R3: C18:2n-6]); 2 carotenoids (a-
carotene and b-carotene); 2 polyphenols (oleuropein and tyrosol)
and 2 organic acids (carnosic acid and rosmarinic acid) were
defined as target component of rapeseeds, carrots, olive leaves and
rosemary leaves, respectively. Several solvents were selected for
the simulations: HFO-1234ze as liquefied gas and usual solvents
such as n-hexane, ethanol, acetone and water.

For Hansen parameters, the solubilization power of a solvent
toward a solute is evaluated by the relative energy difference (RED)
calculated by the software. Table 2 shows the RED values for the
selected solvents with TAGs, carotenoids, polyphenols and organic
acids. COSMO-RS simulation was also performed to determine the
relative solubility of the target components in several solvents.
Table 3 reports the solubility results, expressed in log10(xsolub). The
results of COSMO-RS simulations are mostly in accordance with the
HSP evaluation. Considering TAGs, n-hexane and HFO-1234ze
showed the best relative solubility values i.e. log10(xsolub) ¼ 0. For
carotenes, n-hexane is still the best solvent whereas HFO-1234ze
showed slightly lower relative solubility power
(log10(xsolub) ¼ �0.32). COSMO-RS evaluated that HFO-1234ze is
worse than reference solvents for the solubilization of oleuropein
(log10(xsolub) ¼ �2.15), tyrosol (log10(xsolub) ¼ �1.31), rosmarinic
acid (log10(xsolub)¼�1.11) and carnosic acid (log10(xsolub)¼ �0.63).



Table 2
The relative energy difference (RED) values for HSP.

Table 3
COMSO-RS relative solubility values, log10 (xsolub) at 40 �C.
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It can be concluded that both HSP and COSMO-RS simulations
suggest that HFO-1234ze is a good potential candidate for the
substitution of n-hexane for the extraction of lipophilic com-
pounds, but is unlikely to substitute more polar or protic solvents
such as ethanol/water or acetone for extraction of polyphenol or
organic acids.
3.3. Qualitative and quantitative comparison of extracts from
rapeseeds

Quantitative study of rapeseed oil extraction using n-hexane
and HFO-1234ze are presented in Fig. 4. The extraction kinetics
(Fig. 4-A) showed that for HFO-1234ze at 30 �C, the extraction



Fig. 4. (A) Extraction kinetics of rapeseed oil extracted with HFO-1234ze at 30 �C
(triangles) and n-hexane at 30 �C (diamonds) and 68 �C (squares) - (B) Effect of HFO-
1234ze renewals on the extraction yield at 20 �C (light blue) and 30 �C (dark blue).
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plateau is reached in only 15 min, with a yield of 2.5%. In compar-
ison, n-hexane allowed extraction yields of 9.5% at 30 �C and 13.1%
and 68 �C in only 15 min. After 120 min of extraction, extraction
yield with HFO-1234ze was only 3.0% at 30 �C, whereas extractions
performed with n-hexane resulted in higher yields (14% at 30 �C
and 25% at 68 �C) as observed by Sicaire, Vian, Fine, Carre, et al.
(2015). This difference is likely to be caused by a much higher
solubility of rapeseed oil in n-hexane compared with HFO-1234ze.

Considering that the extraction plateau is reached rapidly with
HFO-1234ze, a new set of experiments was made with successive
solvent renewals every 15 min, in order to improve the extraction
yield. The easy vaporization of HFO-1234ze and the significant
difference of boiling point with rapeseed oil compounds allowed
complete solvent recycling (>95%vol) in only 10 min. Results of
extractions performed with a solvent/matrix contacting time of
2 � 15 and 8 � 15 min are shown in Fig. 4-B.

Compared with the reference (1 � 15 min), the solvent renewal
substantially improved the extraction yield. At 30 �C, HFO-1234ze
enabled to reach an average oil yield of 6.4% and 9.5% with
respectively 1 and 7 successive solvent renewals. These results are
in accordance with the hypothesis of a rapid saturation of rapeseed
oil in the solvent. The non-linear evolution of the extraction yield
with the number of renewall suggests the exhaustion of the raw
material after 7 renewals. However, there is still a gap between the
final extraction yields obtained with HFO-1234ze (9.5%) and n-
hexane (14%) at 30 �C. Even if the difference of rapeseed oil solu-
bility in both solvent may be a reason, the differences related to the
apparatus used for extractions using n-hexane and HFO-1234ze
(slower heat and mass transfer, losses in the equipment etc.) are
also likely to impact the extract recovery.

At the same time, rapeseed oils obtained with HFO-1234ze and
n-hexane were compared qualitatively with HP-TLC and GC to
determine the lipid classes and the fatty acid distribution. HP-TLC
analysis of the extracts showed that the only lipid class was tri-
glycerides, with both solvents. Fatty acid distributions of the
extracts obtained with HFO-1234ze and n-hexane are compared in
Table 4.

Rapeseed oils from both solvents are composed of respectively:
28.82 and 29.49 g/100 g of poly-unsaturated fatty acids, 64.86 and
64.27 g/100 g of mono-unsaturated fatty acids and 6.31 and 6.24 g/
100 g of saturated fatty acids. Fatty acids distributions are similar
for both studied solvents. Despite the difference of temperature
(30 �C for HFO-1234ze; 68 �C for n-hexane) there was no marked
impact on the fatty acid distribution, as observed in a previous
work (Rapinel et al., 2016). Thus, rapeseed oils can be extracted by
HFO-1234ze with an equal fatty acid composition compared to n-
hexane, even at low temperatures (30 �C).

3.4. Qualitative and quantitative comparison of extracts from dried
carrots

Quantitative and qualitative analysis of carotenoids extracts
obtained with HFO-1234ze and n-hexane are presented in Table 5.
Comparison of the extraction yields obtained with both solvents
shows a lower extraction yield with HFO-1234ze, with 1.1 g of
extract for 100 g of starting material against 4.3 g/100 g with n-
hexane. Moreover, the determination of the carotenoids contents in
each extract by UV-Vis spectroscopy reveals that extract obtained
with HFO-1234ze are about 6 times poorer in carotenes compared
to n-hexane (4.75 vs 26.90 mg of equivalent b-carotene for 100 g of
starting material).

The HPLC analysis of the extract showed some differences in the
distribution of b-carotene isomers. Indeed, 3 main isomers of b-
carotene can be found in vegetable extracts: all-trans-b-carotene, 9-
cis-b-carotene and 13-cis-b-carotene. All-trans-b-carotene is the
most abondant isomer with the higher antioxidant activity, but
during extractions, undesirable b-carotene cis-isomers may be
formed by thermal isomerization, resulting in a decrease of the
antioxidant activity (Knockaert et al., 2013). Results presented in
Table 5 show that extracts obtained with HFO-1234ze contain less
cis isomers (10.6%) than with n-hexane (18.9%). The advanced
degradation of all-trans-b-carotene into cis-b-carotene in extracts
obtained with n-hexane is probably due to the higher extraction
temperature.

These results suggest that liquefied HFO-1234ze only extracts of
a little fraction of the carotenes content but the low temperature
process leads to an extract of better quality.

3.5. Qualitative and quantitative comparison of extracts from olive
leaves

Results of extractions of olive leaves with HFO-1234ze and
ethanol/water (reference solvent) are reported in Table 6. The
highest extraction yield was reached with the mixture ethanol/
water (18.3%) whereas HFO-1234ze only achieve a yield of 0.2%.
Moreover, the results of the determination of the total polyphenols
content show that extracts obtained with HFO-1234ze only 7% of
polyphenols (considering that ethanol/water extraction reached
100%).

Even if the difference of extraction temperature between HFO-
1234ze (30 �C) and ethanol/water (60 �C) could explain the lower
extraction yield, the low polyphenols content in the extracts
demonstrates a low solubility in the solvent, in accordance with
HSP and COSMO-RS predictions.

3.6. Qualitative and quantitative comparison of extracts from
rosemary leaves

Rosemary leaves extracts obtained with HFO-1234ze and
acetone (reference solvent) are compared both qualitatively and



Table 4
Fatty acid composition of rapeseed oil extracted with HFO-1234ze and n-hexane.

Table 5
Extraction yield and composition of carrot oleoresin obtained with HFO-1234ze and n-hexane.

Solvent T (�C) Time (h) Extraction yield (g/100 g SM) Carotenoid yield (mg/100 g SM) HPLC identified b-carotenes (g/100 g)

13-cis-b-carotene 9-cis-b-carotene all trans-b-carotene

HFO-1234ze 30 3 � 1 h 1.16 4.75 7.2 3.4 89.4
n-hexane 68 3 � 1 h 4.29 26.90 14.0 4.9 81.1

SM, starting material.

Table 6
Extraction yield and composition of olive leaves extracts obtained with HFO-1234ze and a mixture ethanol/water.

Solvent T (�C) Time (h) Extraction yield (g/100 g SM) Relative polyphenols content (%)

HFO-1234ze 30 3 � 1 h 0.2 7
Ethanol/water (80:20, mass ratio) 60 3 � 1 h 18.3 100

SM, starting material.

Table 7
Extraction yield and composition of rosemary leaves extracts obtained with HFO-1234ze and acetone.

Solvent T (�C) Time (h) Extraction yield (g/100 g SM) Carnosic acid content (g/100 g extract)

HFO-1234ze 30 3 � 1 h 2.1 2.45
acetone 56 1 h 11.8 14.45

SM, starting material.
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quantitatively. Results are reported in Table 7. The highest extrac-
tion yield was reached with acetone was (11.8%) whereas HFO-
1234ze only achieve a yield of 2.1%. Results of HPLC analysis of
the extracts exhibit a low content in carnosic acid in extracts ob-
tained HFO-1234ze (2.44 g/100 g of extract) whereas extracts with
acetone show higher purity (14.5 g/100 g of extract), in accordance
with the results obtained by the European Food Safety Authority
(2008).

Once again, even if the difference of extraction yield is probably
caused by a difference of extraction temperature between HFO-
1234ze (30 �C) and acetone (56 �C), the low carnosic acid content
in the extracts shows a low solubility in the solvent, in accordance
with HSP and COSMO-RS predictions.

In conclusion, the experimental study tends to prove that the
use of HFO-1234ze is not suitable for extraction of more polar
compound such as polyphenols or organic acids, but could be used
for lipophilic compounds. In particular, extractions of rapeseed oil
were achieved even at low temperatures (30 �C) for HFO-1234ze
with an equal oil composition compared to n-hexane. However,
higher mass extraction yields were systematically obtained with
the reference solvents (n-hexane, ethanol/water, acetone). For oil
extraction, this gap could be reduced by acting on temperature or
by changing the process, leaving the batch process for a semi-
continuous one (Lapkin et al., 2006).

Lastly, it has been shown that experimental data, HSP and
COSMO-RS simulations were well correlated for almost each target
compounds.
4. Safety considerations

The main hazards for workers are mainly generated by the
solvent itself. As a big amount of liquefied gas is stored in the tanks



Fig. 5. Eco-footprint of LGE using HFO-1234ze (blue) vs n-hexane (red) maceration. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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during the process, a leakage could generate a large volume of
gaseous HFO-1234ze in the work atmosphere, leading to asphyxi-
ation: 1 m3 of liquefied HFO-1234ze can generate about 200 m3 of
gas.
5. Eco-footprint: HFO-1234ze vs n-hexane for extraction of
rapeseed oil

Comparison of the environmental impact of HFO-1234ze versus
n-hexanewas assessed by determining an “eco-footprint”, based on
the 6 principles of green extraction defined by Chemat, Rombaut,
Fabiano-Tixier, Pierson, and Bily (2015). The following 6 parame-
ters were chosen as a basis to compare both extraction processes:

� Plant material: amount of plant material requiring a post-
treatment step (%)

� Solvent: direct solvent lost (%)
� Energy: energy consumption for the evaporation of 1 kg of
solvent (kW.h/kg)

� Co-products: amount of waste generated by the extraction (kg/
kg starting material)

� Process: process duration (min)
� Extract: amount contaminants in the extract (ppm)

A graphical representation of the eco-footprint is shown in
Fig. 5. Using HFO-1234ze as extraction allows a lower environ-
mental impact due to a lower energy consumption and a better
extract quality without traces of hazardous solvent. Compared with
n-hexane, HFO-1234ze generates no waste, and leave the defatted
material safe for direct valorization as livestock feed. However, the
limited solubility of rapeseed oil in HFO-1234ze and the lower
process temperature requires longer extraction times.
6. Conclusion

The applicability of HFO-1234ze as a new solvent for extraction
of natural products was evaluated. A relative solvent screening
using HSP and COSMO-RS simulation tools showed that HFO-
1234ze can be an alternative only for the extraction of lipophilic
compounds. The experimental laboratory study confirms these
theoretical simulations. In the case of hydrophilic solutes, only little
amount of the target compounds was detected in the final extracts,
in accordance with in-silico simulations. For lipophilic compounds,
qualitative comparison of the extracts showed similar profiles be-
tween HFO-1234ze and n-hexane, with even higher purity for
carrots oleoresin when using liquefied gas. However, the extraction
yields obtained using HFO-1234ze were always significantly lower
than the reference, due to the lower solubility of the lipophilic
compounds compared to n-hexane.

Finally, the evaluation of the industrial feasibility regarding to
technology, quality, safety, economic and environmental impact,
tends to prove that HFO-1234ze could be a safe potential industrial
alternative to several usual solvents for the extraction of natural
compounds.

Currently, the regulatory context still restrains the use of HFO-
1234ze only for non-food applications. However, HFO-1234ze of-
fers a greener alternative to R134a which is already accepted as
extraction solvent in Europe (European Parliament, 2009), there-
fore there is no technical reason to prevent HFO-1234ze of being
used for foodstuff production in the future.
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